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-This study is part .of, a research program ~~~med at ·the establish-
ment. of a reasonable me'thocl. for ~the prediction of prestress 
.lo-sses in pp.e-!ensi.o~ed conqrete structural members. 
< 
• Forty specimens of the 7-wire stress-relieved strands 
of. tne special grade (~70 K) were. tested, under co-nstant length ·1 ' ,.. 
. 
' 
. . ~ 
. 
~.onditions, for a =dura.tion ~p to 444 days. ·The relaxation 
specimens repres·ented f;hree manufacturers·' two strand siz.es, _and 
'·five .initial· str'.esses. Conclusions are drawn as to the effect 
of each. of these parru:i,eters qn the relaxation loss·. · 
Through a. multiple regression analysis, exp_res~ions , 
·, · re.lating lo~ss t,o time and initial stress are a·eveloped. Two 
alternate expressio.ns may.:·be ··'used for the est·imation of ... l9ss 
f 
• • .. ~ 4 ! I during t;tie · initial period up to 5.00 ·aays ~ A predic-tion equation 
" 
CC••_), ~~ suggested for long-term projection, , and is applied for esti-. 
' 
. ' 
mating the ultimate las~ ·value at SO years. The long-term' 
nature of. ·relaxation is pointed- out·,· and predicted ~!ti.mate· ·1oss 
.. . . H , . 
. . •. .,,.,r . 
) 
. 
value·s, for different.·.conditi0.ns~ are given.· 
,, 
· Also included in this thesis is a review of ··-earlier· 
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~ 
researc-hes on .relaxa.tion of p~estressing steei'. -~nd summary. of 
' ' 
" - . 
·. relevant provisions in several .f or~ign ·and, United States des:ign 
4 codes. . 
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-'ce·ss·ful app.lication to concrete structures did nci'l: star-t until -- •' . . 
·' 
. 
. . 
th~ late nj.neteen thirties. Mally engi11eering and .. ·econom.ica.·1 I 
., .... -
. 
. . advantages of prestressed · -~oncrete over ·conven~ional re~nforc_e¢1 
-?"- --
...,_- . ------
~--- --- ---concrete were quickly r_~cqgnized, ··most· -impO]?~~pt .. h-i-gner resist-/ . . ' 
. ... -· 
. 
. 
.,-7''' 
ance to cracking. and deterioration, more efficient· use of material, .. · ,·_ .t • • - ;J 
-IJ 
. 
' 
-
... . 
' and the greater d,egree of freedom for' the. de~igner. These and -- t 
, 
, .. -~· 
,J , 
·,,. other advantages accelerated the, use of "pre.stressed .concrete in _ -
. 
. \ ,· ./ ·rrfany areas of Civil Engineering practice, particular!~ in' the 
:.1- ' 
, 
_·:-construction ·.of_ high~ay bridges. Linear prestressing in th~ 
. . 
. . ' 
. . ;' 
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.. 
United .States- lagged beh:i.nd :that of many Eur9pean countries. r·t 
did n~t begin un1til 1949, when· constr1:1ction · of the famed Phila-
. 
. . ~3 delphia WalIAut Lane Bridg·e was begun. . ~-
. 
' 
Since then, the use of 
~-
· prestres~e_d concrete in bridge constrµction has become .very popu- · -
i 
~ As of the mentioned writing, ·over two 
. ' 
thousand prestres~ed con·crete highway bridges alone,-. were 
authorized by the;! u-~ s··. B~reau o_f Pµblic. R~ads, during the years. 
1957 to 1960. The/State of-Pennsylvania .. leads all the states·in· 
the nation for the·,1 numbe_r'. of ·pre~·tresSed concrete bridges 
·constructed. 
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~- .. In the . analysis. 'and 'des'igri ,O·.f pre_stressed~c.oncre-t;e ' .·. 
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. . tl1e- utmost importance.·. 'Many factors·.contribute to. the·, loss_ :of. 
I. 
. ... :'" '·,:, ·;·; ·, 
...... :. 
- ~ . 
- .... ·: PI.'estre~-~--- __ FQ;t:" _pre~tensioned . lllembers, the. losses due -to elaStic--"-,- --- _--'-~--·------.....:........,~~." --.r--, -
'· 
shortening of the member, ·shrinkage land· creep: of con~rete, and .- ' ~ 1;1_ ·- •• - ' • .;; • ' ... 
·• 
. .. ,.· 
'' ~'""" 
. 
,. ,. 
'· ·· the relaxation of steel.· are -the. four. maj-or sources. ·· · · 
q 
·1 . While elastic shorten.ing occurs· imi;nediately. upon 
------- . ' ' '· .·. -~ . . 
. ::releasing· of the pre-tens~.oned str~ds _from the·ir anchorages, ! - - • ' . 
• '. 
.. 
.. 
., •• •" . • • • ,· .-•; .- . ' 
. 
. t ' 
. 
·' 
. 
. shrinkage and· creep are.l.ong-term, time-dependent phenome11a. The· • I 
• ' • 
·1os·s· of l~qµids due to a·rying o.r chemical reactions causes s_hort-
. ·.·· ·.·:: , .· · · ·. :', · ... ening of thE! ~ember \qhich is kn~wn as _shrinkage·. . Creep refers to 
,-:. the continued deformation' .·of concrete· dtie . to sustain~d external •, •. - :'.•. ,• .· ·,,. 
' ' l ,, 
. ·r 
•. ·, .. · .. 
/ 
- _.. .. 
. + 
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....... t 
) loading': ... _, R·f=!laxation-, ·on .'the othe_r hand, r~presents the . decre.ase . 
' . 
.. . .,;; -: of stress in steel under "~onstant strain. This definitipn, how-, 
' . . 
. .•
ever, .. 'i~ not strictly ~pplicable to a prestressed eoncrete m~m.ber,. r - ... ,. 
where stress as.,well as strain tend' to decrease. 
Conaidering the--four major .. factors, a general ·expres-
(f 
. sion may be written fo·r the estimation .of ·p~estr_ess losses, as 
I reconunended by the ACI-ASCE Joint Conunittee1 ·anq. AASH0 2- . 
' . 
ii-----
·< ·1rf6 =·(es + ee + ec) E6 + 61 . fi 
-· ..... 
In the above· equation, 11Ys represents the loss of pres treas, f i . 
.. . 
. 
is the initial stress ·in ·steel. es, ee' and ec are strains in .. 
·" 
.. 
. 
-· 
cpncrete·due to shrinkage, elastic shortening, and creep respec-
. 'tively ~ 'and 62 'is the percentage loss of steel stress due to 
. . ) 
. . 
.• -,.,,·· ; ·o·_'. 
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~- -relaxation. These r~commendat]:9ns, ·however,. were silent .. concern-". · • . • I ,· 
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ing the values of ee' e8; ec ~d 6l. InstE!ad~ __ .. ~ 0,luinp- sum loss 4. 
- -~,.;,.;.i,-~ 
.. 
-.............. , .... . 
.. : . .:..,~"':::I . 
• 
. . 
<!l', 
.. ,.,• 
\ 
·, ·-··· 
'".:: ' 
~- ... 
: ' .. : '-.-
. I'. 
..- \ 
_..,..;;__· ~-------·· . 
·, · . ; . ' ~ 
I • • 
. . . (. 
: ~--
i ~ .. -
.. , ~ . 
~- '.· 
.• 
.. 
. ' .. ~ -
. :... 
i .. 
i • 
. ' 
.. 
·-
-· ? 
,, ... 
' .1 
- ... 
... ' 
. 
·-----.,......-----.. .-.·.: ... ,..7;···- __ :: .. -.·:,· ... ... ·.:.·<· .. ·- ... __ _. ... . . . . .. . ---~· ·~ ·. 
. '...: 
,,• 
• 
-
-.r--- m z-'---~ 
' I .... 
'. \~., \1,0 . 
!' 
. . . . 
. · 'l, • -
·. '·.·· l ' . . --- ----- .., r· . .· .. 
. . ., 
.. · .. ··-, -~- . ·. . . ., '. 
. . . ... '' i 
,· 
'. ' - :- . 
.· ···-· ... 
.• ~ I 
·0 
.. 
----···===• 
V '. 
. e,'' 
'/ 
I • r -:-· 
I 
~ ·..,f ' 
' 1 
' •' l 
I 
' . I I, 
' 1 
• ' ' ~' .,. .. • ·_11,. ••• < . .... . " ~ . . i -' 
. _ of 35,000 psi. is reco~ended. as an acceptable ~t·ter~atiye to" ~. - ·. _ . . ,. .. ·l I 
·~·~_:_ __ . ' ·-· - ~-- . ---- -- ._ _______ --· - ·------ -- ·- ----·-~-- - -- ·-. ,__ ----- ~ ---- -- - ·- __ .___ - --- . ___ : __ .. -------,--- . - - ---- : ·-- - --- .. --- - - - -- : - . - - ··--- - ___ · .. ...:-~-------·--· ----:: - . _____ ,,_ . _Ii . - - - -- -~·--------·' '-~. ·- - ' . ', . ·-----': ::---- ·-·-·-·····"·--. -- ·~~---·-~-... --... . ·-----,..----~ --~ t 
'. '_ · .mak-iilg- detailed es1;imates of· each one of these parameters.. · ' · · 
' ,!",- • 
.... 
'. !,~ .,;._, ..... ..1:· ·~. 
(:; . ', ' ~ 
.··,. 
: .. •·-· . 
,'. , " 
-;, ·., 
.. 
. r -,. . . 
·I 
. L_ 
. 
~.'.·.:.f· .. y:•.-. • ,'.,.;I'" • . -------·-· 
-··-~---· 
. . .. ,._ 
In the Corrunon~ealth of'°PeJU1~yivaDia'., the design of the , 
.. _.,.·;.' .,,. . . 
--·---•L·•,•··' .. 
:.: .. _; .. -.-> 
~,- , 
• Nn'i~ • 
. ' 
. • ,• i 
' I ' 
. . ' ... • . 
. ~; . 
. .. )."': . \r .·: .. ··~, .. ,. .. 
·stand~,rd pre-tensiol)ed highway bridge member: is 1based on' a total_:_ _______ , -· 
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. 
lciss of prestrE!ss· 9f 200fo (35,000 psi) f o:r box beams, and 22. B°fe · 
.-'.• 
' 
. 
(I.J:0,000 psi) for I-beams. - For beruns not covered .by the standard,. 
• 
· the following expression,' sugges.,tecl -by the U. s·. Bureau_ of Public · 
.. Roaas·,30 is used 
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Af ~-6000 + 16 f. + o.oq f. 
- s ' cs J.. 
.!-
,: 
"1" • ,::_. 
f = initial stress in cohcre·te at the. level of , 
cs' 
centroid of steel ~ . 
.. 
, f. = initial stress in steel. 
1 1 
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· In the above expression, the 6000 represents the effect 
'. 
.. 
of shrinkage. The term 16 f' I can 
~ cs 
be split into two pa·rts, 5 f 
cs 
-
accounting for the effect of elastic shortening, and 11 f repre-
CS· 
sei;iting the creep loss. The last term O. 04 f . takes care '.of, the . 
.-~ S1 · 
relaxation loss.· It should be po~nt~d out that the above -formula 
. 
. 
is based oh a ,shriiikage strain of 0~002, a s·tee1..:1:o-concrete 
' 
' . 
modular -ration of 5, a creep , factor o'f . 2. '2, 'and a relaxation l_oss 
~ 
· . It follows ·,that at .the·-pres~nt ti_me, the .'l~:stimation· of· 
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· · of the p .. restress. loss~- - ·- ' ·. ··. "· .. So, in a~ efforf to· ···establish a more:· r~a-
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.. _ sonable ·basis· ~fol': the prediction o,f prestress · -lo~.ses ·in ·pre- - - ..... ...,. -1 ~ . . ·- . 
·. > ·,tensioned concrete memb~r, a research project· was ,initiated -in 1• 
., , 
.,, 1966; and is presently being· conducted, in Fritz Engineering · -, 
... 'ti::-
. 
. -
• •• 
Laboratory at ·Lehigh.University, under the joint sponsorship ·of· 
the Penp.sylvania n'epartment of Highways and · the U. 8.. Bureau of 
Public Roads. 
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- --· --------------- -- · .. 1. 2. Purpose· and Objectives 
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Tb.e objective of ·this research project is to arrive at 
. · a rational- basis for the prediction, of prestress losses in pre-
tensioned highway bridge members use~ in Pennsylvania:... Loss ex-
1. 
' •. 
pressions are to ~e establisheq, and prediction fo-~ulae will be_ . 
suggeste~. For thi~ pu~pose the major contribut'ioris to- pre:stre.ss 
loss· are separ.ated from one· another to __ .tlie extent _possible. --··. 
' ' ' 
' The concrete losses (elastic.·short~ning, _creep, and· 
~ 
shrinkage) µre studied in a separate phase. of this proj.ect. A 
•, preliminary investigation compared the overall characte~istics or 
, ' 
I • , • conc·retes from several pres tressing plants •. In .the main .. study, ' ,; • • • I 
', 
- - two concrete mixes were used and the effects' of initial concre'te 
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, ... -stress~ ~ount .of longitud·i~~~ · steel, ·an<;] .stress gradient.· were· 
. · · · .~nvestigated. Expressions· for the evaluation of· these ·1osses- 'were 
' ' -
.. ·:-- .... 
. , dev.el~ped .. Details ·about these -stud·ies and .findings are contai:p.ed ' - ' -
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i . Early in. 1946 Ros-carried out· :r,ela.xation and creep tests , 
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_ on high strength cold-d:Pawn wire.s 3. 2 mm in diameter'. He compared 
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the increase .. of deformation under const~nt stress (creep), with · . , ;,..,,._ .. 
· the loss of· stress under constant length (relaxation} . According - . J 
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to him, the percentage de9.reas·e· ~rf ·stress unde.r constant length 
-was 50 to 80 percent of the percentage increase of strain W1der 
constant stress. 
? 
' ' 
. . . 17 
· In 1948, Pr(?fess·or Magnel reported the results of his #'' . . . 
relaxation tests. Cold-drawn wires 5 mm in d-iame,.te.r were tested 
_Jlt _an initial stress 0~ 123,000 p~i (57% of the tensile 'strength). ·, 
. ' The lo.ss in stress occurred mainly duri.ng the .first few hours, and 
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. : was ·comp,l:e'ted within a period· of . twelve days ~ " Tqe total loss ... was 
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About tbe same period of- time, G .. T. Spare published -, 
- · · . ·. as _ a7 • a number_ of papers ~ . in the United St.ates dealing with the 
creep and relaxation of high strength wires.- His tests demon-
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--------· char~cteristic~----~nd suffered less loss as compared to the cold-
- ' ., 
~ -
,,, d.rawn wires, within the- practical. -range of initial stresses. _ ·For -
' 
- -
stress-relieved ·material at 700/o of tensile·· ultimate st~e·ngth some 
-
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Papsdorf and Schwie.r21 Carrie'd,,,9ut ex1:ellsive I'~lax<ltion and creep 
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_tests later, and. in 1958 reporte·c1 their results venturing some 
, 
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· long-·term pr~>'jectio~s. · TI:te · test results s~oweq·- ciea;ly ~tllat tµe·- - --~--------
.. rela~ation ~phenomenon d,id no.~· stop at 1,000 ·hours~. Ex.trapolati<?n. · 
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st.ress of, 165 kg/mm · .. · (230 ksi) , 
0 85% of tensile ult:(.mate ·strength of the -lJ nun as~drawn wire~ us·ed 
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'" Everling c~nfirmed the conclusions already stated about 
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' the relaxation behavior of stress-relieved wires and strands as 
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related to t~~ applied. initial· stress. He also found the· re·laxa.,. 
tion loss to. be dependent on the speed of loading. Slower loading_ 
leads to smaller relaxation ross. 
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Report N~. 111- of C. U.R. (The Putch Cr.nnmi.ttee· pf 
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Rese_a_rch), Delft (1958) coni;ained th~ ·results· of relaxation -tests·, 
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· which also showed that stress-relieved) strands demonstrate higher 
· ·1osses at very high r'anges. ·of ·initial stress. 
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_. A new teclmique was used by McLean and Siess ··.for mea- -~ 
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stlls.si·aa in ·1959 dev·eloped a ,"law of long-term rela~a-
~ 
' 
·tion" using experimental results obtained from relaxation tests 
. performed on cold-d·rawn wires, . 7 mm in diameter and -with ini ti.al 
stresses varying from 60 ~_!Q 7 5% of the· ul tima t·e s·trength. · His 
study showed cle·arly, that the higher the initial stres·s, the 
. higher· will be the. prestress T loss. Wi'th ~emaining stress arter · · ·· 
reiaxation plotted ag·ainst'· lt:>garithm of' time, it was found that .. 
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. . I 
· all curves contained, a poii:it of_· inflection beyond which· time, the · 
decreasi~g stress asymptoticaliy approached a·common lower limit. 
. r, , • 
. - -Stussi defined this. lower limit as "relaxation limit" . {a a). For 
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the kind of wires he was _using, this limit cam~ out to be 0.53 o·f, -- · 
·-., 
the· ultimate,strength, lying.somewhere near the proportional 
·· elast.ic iimi t at O. 01 percent off set. From a practical· poin-t of .. 
. '"--~ view, it would not-. be reasonabl,e to prestr~ss ·_ the tensioning steel 
far b~yond t~is ·"limiting value. 
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. · Around this time . the ·ACI-ASCE Joint Corrimittee1 ·323. gave . _. 
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· Ef general expression for-·evaluation of prestress losses. · _ In their .. • 
• e.xpression 
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.. 
-· ~ . the part &1 fi reJ?resented the loss due to relaxation of stee~ . 
Although sound in .~principle, the_ ACI-ASCE expression did not pro- ... 
yide any suggestions ~n the. estimation of the concrete strains, 
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nor the relaxati:on percentage. 6i. I 
An interesting inv.estigation .by Kingham; Fisher and · 
Viest12 was carried out as part of the AASHO ROAD TI.:ST bridge · , '·· 
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research program. .Indoor relaxation tests of 20 specimens were 
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_reported·. '. . Pres tressing cables made 
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up of parallel O .19 2-in. wires, ~\ 
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, . . and 7~wir.e strands 3/8-in. in. diameter were used. . The dura'tion or 
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- their tests varied from 1,000 to 9,000 hours. Three basic re-
. quirements underlined the mathematical model used. 
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·Observing· the approximately_ linear relationship between 
. log Afr Wld l~gt, the faCtor (1 -e -tfal was ~eplaced by t/a~ Thlls 
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= ultimate strength of stee~ 
~- · t· == time from application of initial stress; in hours. . . t,r _,.P,.. 
g, d, b = constants determined by regression analysis.· For 
. 
~. C. 
. ~ ... - the strand the valu~s of g, b, and·d were 0.0488, 0.274 and 5.04 
r 
respectively. The authors recommended that their equation be~. 
used up· to 9,000 hours, representing_ t~e upper:. ~imit of their test 
· data. No information on ultimate loss was provided. 
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·~ In '_1963 a study was' made -by Ga]1ill and Branch 4 ·on relaxa- ' ' .. 
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' An extensive investigat.ion · on .this subject was carried . ' . ! • 
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out at the University of Illinois during the early ·1960 1 s •.. 
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Magura, Sozen, ,and Siess 19 rJported their results j,n·l96lt-, to- (. ~· 
.·~-·. get~er_ with an extensive review of work done by previous re-
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searchers. The · ob·ject of their inveift.igation was to study the i ~ 
' .. 
. ' 
effects of time-~· level ·of initial. stress, type of wire, and pre~· · 
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. . . 
. stretching on the relaxation loss of prestressirtg wire. The 
.. authors ar~ived at an -~a~~on whi~h relates the. remaining stress 
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to time and initial stress.· The expression is:· 
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. . The autho~.s .-stated that it· is not· ~trictly justifiab~e · -
. ·.to ··p~o:ject· .the coh~lu~ions .from their test to longer ··durations 
and different conditions. K--. · Preston' of· G F & .1· Steel C1orporation 
sugg~sted rearranging the pr,evious equation· to evaluate direct.ly 
the loss ·of st~ess 
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-·· ./lf .,==_stress· loss due to relaxation t hours after - .. r . 
r • -
.. initial str~·tching. ·~ 
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Preston ;:J.lso pointed out that to account· -for the strain variation 
' . 
.. due to elastic shortening, creep, and·shrinkage of concrete, the . 
. 
- ' 
. 
. fo~egoing formula sh9µ.ld be applied to small·increments of time. 
·It is suggested that at least ·three\:f:ime increments be used: .~ 
w 
namely, initial stretchi~g to transfer, from transfer until 
applicat-ion of permanent load, and ~j.nally ti:11 the.~end of· the.-
service life of the member. 
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,. In a paper p~esente.¢1 before· th~ Australian Institution 
• 
of· Engineers in 1965, J .. M .. Antill'3 reviewed· earlier · :researches on 
. . . 
· relaxation and .. included ·a number .of -9o;nclusions and. suggestion~~-.... 
Contrary to earlier concept-ion~, the rf?_!J!Xation loss~ at_ 1,000 
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-· hours represents less than half of the·· ultimate loss.. The ra_te I -
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Of reiaxa"tion inc.reases · rapidly with. -i::emperatµres above 20° C. · 
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. - . . loss · may · be · considered neglibible for practiqal purposes ~ · . He also- ~ ·· ·· .) -
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,' :asserted that. a .high degree of ·-accur~cy· in the .estimation of loss 
-values i~ -not war~nted',- ,si-nc_e the quantity of practical signifi-
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cance is the residual stress remaining in the tendon. r 
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A five-yea~ i.nvestigation was carried out, at the Univer- . -.~. 
sity of New South Wales in Australia. A. J .. ·Carmichael~ reported··.-. 
. s -~-
in 1965 :the· ,results of this -study. The test resul.ts showed that 
-, 
·the. stress relaxation continued, far beyond 1,000 hours. The ratio 
- t 
of stress loss at 10,000 · hours to that at 1,000 hours was 1 ~ 31.J for 
. --------
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-,, 
.o ~ 161-i·n. diameter· wlres, ~nd 1. 40 for O. 200-in. ·a,iamete'.t' wires. 
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Further work has indicated the average stress loss: at 5~,·poo -
..• ·-
. hours to be 1 .. 6. times the stress loss at 1,000 hours. . An 
. . 
equation. bas~d -on basic creep laws was developed ·and .. s.uggested as 
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a promising prediction equation. 
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Also, the ~quation suggested by 
.• J 
Magura, Sozen, and Siess .seemed to ··be satisfactory ·up to l,_000 .,,.. 
hours. Q, • 
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Engberg. of Sweden reported in 1966 that -his tes,t 
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-- ··results ·showed the- stress relaxation to· be a· linear function of 
the logarithm ·of· the testing time. The total rela*·ation after 
foQr y~ars was 9. 5 percent for · the preloaded wire,- an_d 10. 25 
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· percent. for the wire tested_ as 'delive·red. - By linear ·extrapolation, 
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it _was·, found. t.hat · tlie tw9 curves correSJ?O.nding 1.:,0:- t~ese test ,,specj- ~~ : _,-
,mens' inters-act. after -.some sixty years at a- stress ·relaxation of -I ,,. 
-"'t"''t 
,· -
.. ; ~. .• ... 
-,II~· . .... ; 
·~is-
" 
·,:.·! ..• 
. .. . 
~ . - . 
'lj,, .• 
- . 
• -ii• • 
... 
-· .. . 
;. " 
. ' ·:· . 
~ . . -... 
. . . I . . - ··~....: ---. .. - ' ,__. _____ ... ' - -·-, •- __ .. . ... \ 
\ 
.. ., . 
/ 
-
..... 
- .' ... ·l,.· . .' . 
-. 
. . - . 
. .. • 
... 
- - . 
. .. l • 
- . -·· 
.; 
,· 
' . ·.. • • • ,1.,.. . .. 
.,. . .. .., .. d • 
. ..., 
" -~~ ____: ___ , __ . -~---~-
·------ ~~ .... ~,-
, . 
- ," 
... - -- . ,. \· .. 
• • .~ · •.. · ·. ·. . '; •. ::· • 'ti•- . >:-·"· 
... .' . :... .. , ' - .. -., . 
'. J -------- -___ · ~ I·•·- • . _;:_ ) .. - . . " ... 
• . . . . l 
' i 
. l 
I 
! 
I 
t 
' .J? 
. ' 
' '\ . ' . 
,• 
' ' ' 
... 
, . . ' . ·' 
. .', ,. , 
•I . ·,.1 
.. 
'· . ' 
.. 
' .·:,·· ;._·· t J .J----~--.. 
. . . ", ., .. _,,. __ 
• ~-,I .. : ' •• 
. ···:' ' 
. ' 
' . . 
.4 ... , .•. ·:~-·· ~'\~--~ ... ~~--~-}:--.,; ..... 
~ . 
' . 
·a.bout 13. 5 percent .• · 
' ' 
,·~ 
.· ... 
'I 
.. 
.v .. 
.. ·.'''':im 
/ • ' • ' ~. .' ,• ~ ___ ·_. ~----~----··-----·-~---,:_...:, __ =:._7•-·-·.,-,--2~~,..:....-•_, -.---... -~--:--..:.....-,--,/·::.-1.·,,----. ~H••, 
~. ~ ,,· • __ : ___ :_~·-=:·,.--.. ~'-:·----- ·:~Irf· ii -·first··cj'ra·f-t .. ~or·-,,Reconunend:a-tions for Estimating ... · -~-·- · . · · 
'. . 
--
" 
. . 
- ', ~ ·. . . ,.. . 
" . 
l• 
• 
' ' 
-- ,f- --- • 
.., ,,,.h• 
·. ··Pres tress Losses" (1969) ~ the PCI, Cammi ttee. on .Prestre~s losses 
',· /• . ' . 
,·"·:_;·.-: ·: · ·· .... suggested that for stress-reliev._~d prestressing ·st.rands,·· t.he 
~. 
·.,,,, . 
' ( 
. ' .. .( 
·-·- -- - ---~ -- -~--
•.,; ' 
T. 
.... ·~· 
-- --~-·.' ·- -'-
~ .. ., 
~.· 
. ! . 
I 
. ,,-
.. 
,.. ., .... ' ,. . 
.. •; ~ 
following equation shall be used- for the estimation of r.elaxation 
loss. 
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f ~ [ ·log .. -t 
s · l -- 10 
f. 
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This i·S the same formula suggested by Magura, '·sozen, and Siess' f. \ 
e:Xcept that the limi tirig value of f 1 has been increased ·slightly. . 
y For other types of prestressing reinforcement, the Committee 
p • 
suggesteq using manufacturer's recommendations with the support 
. . of adequate test data. 
- ,, 
. - f'<7 
R@rcommendatioris on s·teel relaxation given in various 
7 foreign codes ma_y be cat;ego_rized three ways~: . 
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· 1) Qualitative discussion (Germ~~Y, Atis-tria,- Finland,. 
Poland). 
. ' ' 
_1". 
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_· / noticeable only. i.f , the .stress is above the creep ·limit. - They 
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__ · :, . · : .. : also note that creeJi ceases within _a few days if_ the stress is 
'l . - . 
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".sufficiently be·lo~ ·the ultimate tensile· strengt~. . ·-~ 
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Over-stre.ssing 
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' 
-.. -- ·the. stee·l can· cancel the e:ffect of creep·. 
-~. - The,,'.Finnish Cqde (1958) deals yery briefly with .. relaxa..:._ _.o-····· .. 
. . . ,. 
... •:,.• tion of s.teel, and requires relaxation tests. to be pe,rformed for ~. .... . " 
a duratipn of at least 120 hours. 
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. . . . "· According to the Polish _fro~isions , the relaxation 
. l·Qsses may be neglected for steel wires of diameters 1. 5 and 
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.. 2 ... 5 mm,.-.:if maximum stresses are maintained w·i thin the permissible 
· · limit~.. Similarly,· -it · j.s permissible·· to· neglect re.laxation 
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' losses in wires of diameters·S-and 7_mm in post-tensioned elements 
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if, befo~e anchoring, the steel is over-stressed. Over~stressing 
is- to·· be achieved by increas.ing .the given ma~imum stress in steel 
~-
.. by lei%~? maintaining it at _:t:his level for at leilst ten minutes ~ 
before anchoring~. 
•r .•. 
Th_e Danish Code, as early ·a~ 1951, ~contained· quanti ta-
tiv.e provisions on the creep str~i;n of steel. .The following 
values are _specified: 
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· 3. "The loss of stress over an infinite time can always 
be estimated as· twice the average -ori at least two specimens sub- · ·· 
.. 
. 
· jeoted to 120~hour relaxation tests at the initial tensioni~g · 
. ' 
0 
stress in the case of post-tensioned beams, and at 2~5 times that 
average loss in the case of pre-tensioned· beams." 
The Belgian Code (1960) contains an overall estimate of 
the total losS Including elastic shOrtening, shrinkage, cI'eep, and 
- ' " l .-- . relaxation of steel. For pre-tensioned tendons directly embeded </ 
. ~ in concrete the recommended val·ue · is 200;6 of the initial pres tress, 
provided that ·the stress in the tendons at· ·time o·f transfer .exce~ds 2 
60 kg/mm (84 ksi) ·: 
... 
. The British Standards Insti tu.tion {1965) t~ntatively · 
. " """' recorumended a flat vl.aue for the- loss ~Lst~es~ due to .creep· 
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·.of steei. 
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The Russian. Cod.e J"rec~mmend~ . the following ·formula. for 
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----- --·-- -
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, - · 14 · computati9n of the ultimate ·loss due to ··relaxation o·f- steel~ · 
.. -·-·· ---·-
In.high-strengt~ cold-drawn wire 
. 
f. 
Afr= ·co:27 r -
u 
In hot-rolled reinforcement 
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0 .1) fi 
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f. 
/ Afr; 0.1.J (0.27-:/ - 0:1) fi. 
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f. = initial stress value 1 
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-fu = ultimate st~ength of ste~l I .. 
_ · It ... is interesting to note that the Russian ·Co~_e ·anticipates re9' A 
,-: laxation losses for ini·tial stresses as low .as 0.37 f . · Many u 
. -
- studies set this value not less thari O. 50 f • ' u 
- Tlie -Dutch Cod_e (1~61) explains the dependence of. the · 
""' ) relaxation upon the ratio of the initial stress to_ the guarante-ed' ~ · 
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tensile ~trength of the· .steel and upon shrinkage and ·cree,p strains 
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--in the concrete. A table -·is. provided which gives t·he. loss as per~ 
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· .. (June ... 1966), · the CEB (Comite' Europeen du Be'ton) suggested ··the. ~~. 
· following procedures fo,. estimating relaxation ,loss:_ 
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. constant J_ength and temperature,. as,, a function of tim~ arid of· the 
value of· the initial stress appli.ed to .the steel should be deter-
mined experin:ientally. · For practical use the relaxation· diagram .. 
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-- shou.ld ·account for. actual c9ndi tioJ1S includ~ng temperature." 
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check the ·slope_ of .·the tangent by. comparison to.·· a long-te~ test 
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perf_o~ed on a specim~n bf similar steel." 
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·1n summary, . at the present· time,. research work is being 
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done on the rel.axation of steel, but has not- yielded -sufficient 
long-term information. Quali tative.1y, the -phenomenon was· de-
_t scribed·) and its nature clarified. The· factors tha-t-~affect· .relax.a- .. 
., •·· ••• • . :-.. "',!"' 
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., -·~ Relaxation of prestr_essing- strands is· significarit be-
. ··cause _of the high ·level of stresses. Many of the ear~ier .. 
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·researchers of relax~tion _s~re~s loss c+i_aimed that the stress 
. . 
would·reach.a·stable state in· a few. hours and that.tµe relaxa..:r 
.tion_loss represented only a very small fraction of the initial 
stress. --M~;e recently, . liowever., ·_ tes·t -results of longer .duration __ 
- ' i.,;.J-,,. 
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• • ! ' ', . . . . 
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. ' have become available, and it has been estab·li~hed that relaxation·· 
....___......,./ 
· does. _extenq over a .-long p~riod. of .time, and that it could amount 
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--- --·- ------------·-
to as high ~s 200fe of· the initial stress • 
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·It is the·u1t·imate purpose of.this project _to provide·., · __ -,-~ .. _--,~.:~<-··_··_ 
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• ·. .. . . . • ._- , . . ' 
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ove·r a short -period· (one to two years), and reasonably well for . 
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-·· ·.··, 
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the total loss ·over the' enti~e' life of the structural member·~ (say. ,.'. ' ·., 
- '· ·._ .. 
at the en.d~or fifty years). - · -- _ 
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~ ,, ' It is also speculated that the relaxation loss for the 
life of the member may be predictable from short-time test data 
.. 
(100 hours - 1.4 days). · This· possibility will also be investigated·~ 
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. tion, the ki~d and extent_ Qf treatment, and other factors; a,. . ' 
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. . . included in ---this study. 
.: J '-,,. '• • V 
, .. '. ,- :.-· .. _.,. 
- ----- ------· ----- -------~-------- ----- .. ~- -
3.2.2· Type and Siz.e of St.rands 
· -Since _ the study i~ mainly concerned with pres tressed 
bridge members·, whe;t'ein 7-wire str~ss-relieved strands of· the 
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special, grade (270 k) are used almost exclusively, only this type_·. - · 
of. strand, was tes:ted. · fyo .. strand :sizes,· 7/16 in.· and 1/2 in • 
J· •: 
· , .. · · n~n~l diameter, were included • · · ,.. ~ ·. ------ -~- ------ ... - '-~-- .. . . ' 1 . .,. 
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3.2.3 Initial Stress Le~el 
· In all of the previou~ investigations dealing with the 
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. ~ re·laxation problem,· the importance of the· initial stress level 
. ! and. its direct· effect on prestress loss were recognized. ______ In this 
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. in an actu·al pre-tensioned bridge member'~ immediately upon transfer. 
' · .. I·t is noted here, .. that the E.uropean ·concrete. Cammi ttee '(CEB) rec- . 
-· ommended· the establishment of· relaxation curves at . sim,iiar initial · 
•.•·-~· . • 
I 
/ 
• 
.stress levels, 65% and;. 80% of the· charac,,teristic +9ctilure·· strength _ 
. 
' . respectively. . An additional stress level of 706;6 was· used in two .. I . 
. 
. 
of .the ·test spe~imens. ··The purpose is. to"'. cletect any abrupt 
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' change in ~he relationship between the(behavior of 'the str'ands 
and the initial stress level near//tfie conventional yield 
. . /·/ 
,;, .. 
/ 
.· strength lev-el. Two .. 7 /16-in ./S~randS f ram manllf acturer B ~ .r'," 
. 
. . ~ ' ,,, 
,· 
· ... ·:fractured before reaching 'the .. inte1:1ded 800;6 initial .stress level • 
. · Their replacemen specimens were tested at a slightly lower 
"-=- initial stress level of 75% GUTS.· 
ti ~··· . -. 
-3. 2. 11- ~ype of Loading 
Theoretically, creep is defin.ed as the increase. of 
. 
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•·· .. ~-
'~ 
strain._under constant load or constant stress. ; I • ~t- - . 
' 
Relaxation. is· "the · . ! ~ 
' 
., decrease of ,.stress under constant strain. Both phenomena share 
. .... 
' 
-the property of being time-dependent and_ are principal factors in 
,_ 
) any long-term_· study inVolving stresses and stra~i:1:~· The data .. 
• fo 
,. obtained ·from a ·constant load test are· strain quantities (creep .. 
~tra.in),. while·· the resu-1ts of relaxation ___ t_es·ts are giveh;:j:i-t the· 
' form of str~ss quan·ti ties (p_r~stre.ss . loss). . 
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• · tuatiori~ ·in superimposed loads , the length of the·· concrete ~ 
- - .· · -memb·er, ~nd consequently· the length of the. strand- cha:J;lges_. ·This 
·change of strain causes a deviation from a pure relaxation type _ 
: ~-
~---:..•. 
of situation ... At the same time, the tendon is relieved from 
some of its ·stress,· .and the basi.c. condition _for creep is violated. 
. 
. In the actual sit·uation, a decreasing strain is· combined with-~ 
c;Jecreas3:ng , stress. Nevertheless, th~ conditions are more com-
parable to that of a relaxation· test. than _ that of a creep test·. 
For this reason· the major part of the tests in.this investigation 
were constant length (relaxation) tests. 
.tion specimens will be/'given ·iii Chapter 5 • 
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3. 2_.5 Other. Variables 
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Description of relaxa-,. ' 
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. There are a· number of other variables that might . affect · 
the relaxation loss .. Temperature· variations· can have a signifi_. . ,, . 
cant effect on·rela~~tion.· An investigation by Mikhailov and 
· ·-,. 
· 2-0 I<r~chevskaya sh:owed that increasing temperature. resulted in a 
Q 
. 26 considerable increase in stress loss·. - Schwier found that an 
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.... increase of temperatur_e fro~ 7_2° F. to 2~2~ F magnified relaxation - ----- --~-'··-------------'-----~"'"-,-----~ losses eight times •.. 
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It has also.be~~ :t;'eported that maintaining a high 
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- .· 3.3 . ;pr~li.minary InvestigB:tion 
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· · ·Prelimi-nary .--results on ·34 constant length (fixed Eft:rain) 
. \-, 
.... ,,.- . . ~ . 
· Specimen.~ indic{ated the following conclusions: a:.~. ·.·· 
f 
,. 
1). 'Fhe relaxation loss -~epends strongly ori· th~ initial· 
. '\· ,. .. · .... 
. _ .stress in the str~nd. 
!j 
. • 2) In general, 1/~ in. strands ·suffer a higher relaxa- ~·- ·-
. . ·. tion loss than the 7/16 in. strands. • D . . 
, . 
• 
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3) The loss characteri·stics - from the , three • -rriallufactur~ • • • •. 
. 
·-- .~ ~: •• ,_): .• :.:_:-,_- :. ·,', - s: . • ~ • • -
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ers do not differ signif:tc~~ntly during the initial: pe~iod. ·. 
___ Details of these ·preliminary observatio'ns are:. contained. 
I[ . 
,in a report by E. G .. Schultchen, a~ the Lehigh Prestressed 
. 
. Co~crete· Committee meeting, July 1969, and in Progress Report 
No. 3 of the .project (Fritz Engineering Laboratory Report 
No. 339. LJ., by Schultchen and Huang) . 
....... -------·~- . 
. 3~ll ·Additional Tests 
The relaxation stress-time.curves can be· visualized as' 
contour lines on a surface in the stress-strain-time three-
dimension.al space, . as shown· in Fig. 1 .• _ ·A surf ace can· ·be es:ta.b:. 
·1ished from the relaxati9n- test d&ta, and information. reg-arding 
-constaiit load o~· .other spec.ified strain variations can ,then be 
.I - -·- ~ derived ·from this ·surface. T:~- verify the results of such· 
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· 3.lf..l ·simulation Study 
l 
------- - ' 
As w~s pointed out earlier-, the -actu'al situation of a 
p·restressing strand under . load. is nei;ther purely relaxation,. nor r 
; 
;, . 
~ 
- . purely creep. · In an -effort. to simulate .. actual conditions, · twelv~ 
. sintulaiion specimens. were fabricat~d and are being tested at ' --, 
' I 
Fritz Engineering . Laboratory. Each relaxation-specimen is a pre= · 
1· ,, tensioned concrete- member with a conc~ntric unbonded prestres,~in.g 
·1 . 
) .-
strand. It is believed that the concrete would. prq_:v.i..¢1.Ef .. a.·:str.ain .. ,.: ...... . 
· variation· similar . to that of the. actual member. Tensile force. · 
"'1 
. . . . l . 
. . . . remaining in the. strand is .. measured in ·a manner simila~ to the· 
. .· relaxation specimens according · to a preset schedule.· ·· ·simul tane-
ously, concrete strain readings ·are obtained by means of a 
· WJii temore gage, from a number of gage points on the. four f,aces of 
the specimens. The data obtained .has not y~t. been analyzed and · 
no conclusions can be made at this stage. 
· 3. II-. 2 Constant Load Test 
:., 
"Creep and stress relaxation·are kissing cousins but 
~v, , 
they are not interchan~~able", {T. C. Hansen1 d). ln the quoted 
paper, Hansen suggested an approximate. method for estimating one 
.from _the other that gives. good results for· stresses well below 
,,, 
·. c~eep rupt1.:1re. . ·rn ·his' eqQation, creep strain · and ·stress . after 
relaxation are ~el.ated, with the values of~ the ini ti·al stress and 
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ft1om which iriform~tion 
regarding creep ca.n:be ,derived. To verify· the res·ults of these 
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·c·onstan1:.· load 
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4 .1 ·. Relaxation· Fra.J1le & Jacking_ a~d Measuring -AssemblY: ... · ' __ -: ·-_ ; : . _ : -. ; 
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·• .. I ---~ ' ' The relaxation frame is 11.!_gde up )mainly of two · · 
• ... . • • ,¥, 
. . > . 
••• "1· 
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-~ ' - 6 ·in. x· ti in~ . x 1/2 in. steel angles , with long legs. upright and 
''.I 
l· 
l' 
i 
•', 
. - . 
. . 
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- .... ·· ·------ - .... ·-···...:...---~- . 
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- •.•. 
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-·~ .-- ----··-
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-1 iri.- apart. Thia.loading frame is 10-feet in length and is ' ' .Jt'""t ' 
.,:.-__ . 
- .. ---..: . 
·· supported near its ends on a steel stQ~_~ge rack .designe.d espe-
0 
cially for this purpo,se. Five plat~s at 2 ft.-3 in. spacing ;are 
. . 
. tack wetded to the outsta.,nding legs of the double~angle section.·· 
To maintain the back to back dis·tance -- between _the long leg~, 
seveit··-spa.cers are used at_ spacings of 1 ft. -6. in. The strand . 
,,. ··~} ; ·-,· -
specimen . is placed at the· ":~<1ent:r;oid of the double-angle-- section 
· and anchored to 1 in. end . plates by means . of· strand' chucks·." 
,,;,, 
. ' 
Fig. 2 shows some details of the loading frame, while Fig. 3~ 
~~ ~ 
gives a geheral view of the complete setup. . .. 
The jc1.cking_ ,and me,~suring assembly consists of a 
. "' 
number o.f parts extending between the end· plate at the jacking 
· end of the frame and ,-the· pulling rod of th·e hydraulic jack.~·· As· 
Schematically shown in Fig. l.f., the end plate.and the strand chuck 
-
.... 
are separated by a load cell and a dev·ice for tlie control of the 
initial elongation in the specimen. ·The device is composed of a .. ,_ 
number .of spacers, D, and a fine adjustm.ent bolt, ··B, which screws 
,. 
into the bearing.plate A. Fig. s·shows the jacking end of tpe 
fr~e ·with.· the above-mentioned arrangement~ 
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.• . . . · . Strandvises,. dial gages were mounted on top of each end plate~ .G 
. 
The plungers _of these· dial, gages rest_ed against targets attached · 
.Q •• •·. ·.,, •. to ·steel straps ~iarnped on· the strand specimen. Readings on·the . :i~ ., . '-------- ·,·. . • . 
:;.·.;.· .' . 
, .. ,. 
dial gages·-were taken on both ends of the frame ·before and after · 
.· __ ··:--- .. eci.ch ·force measure~ent' for ~ period of fourteen days st~_~ting 
.from .the .initial str~tching·. 
r. 
lit. ,~ 
~-
. 
. .. 
11-.2.1 Descriptio,n 
'~ 
II: 
- -··· --~----- . - .... - . -The load · cells ,·used for the force measurement were 
• 
. •, 
.•-·.. .: 
-.. ·especially made~jfor _ this inve·stigation. These are hollow cylin-. · 
• 
-ders made of 20lf.t.-T6 aluminum alloy. They are 15 ·'in. long·, .. ·and 
. ~. 
. 
' 
.. . 
.< 
have_~ inne;ra cl;i.ameter ~f 7/8 in. and an· outer diameter of 
_ .. " ~ 
... 1-3/4 in. Eight EA-13-125TM-120 type strain gages are mounted 
on ___ !he outside of each cylinder, four :iJ1 the ·longitudinal direc-
--
.. 
:,;- tion, and the other four lateral. These strain gages are con,- -·-----· -· ·:c.."":. ., ,. .... ~ " 
.; 
; 
.. -
-~···""-... •. 
• of! 
/·. ·. 
' ' 
nected into two independen~ Wheatstone Bridges~ Strain readings 
' . 
are taken from the bridges by a digital strain indicator (Bean 
. I 
Mode_l 206B) • 
. . 
' 
I • 
4.2.2·. Calibration 
The test data use·d · in the analysis are -readings obtained 
· thiough, the load . cells. In order. to · guarantee maximum reliabil- · 
. i ty, much attentio_n was· paid -to the handlii:ig of the load cells, 
r. • 
. 
• 
• 
,. 
•. · ____ :~and. a careful procedure ·was followed in their calib~ation .. 
-.-----
,1 ·~· 1.\-?o series _of load cells (Series A and 0) :were _us_ed in··-
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' .. · Ii '. •' Load 'cell~ were· calibrated-.fi\ie·' or six i:ri;·.-c-... · .. ,, ' .. '' .' ' ' ., ~ 
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series o.n a Tinus Olsen 120K-hydraulic -testing machine ·.at Fritz \p 
' .. ~ 
Ene;ineering '. .. ~aboratory. · · Two loading and. one · .iinload~ng runs we~e · ·· --- ·-.-----_-.-·-·-" ' ' . • : -~--•' I , 
... 
• '7. 
.- . 
.. -
--~' '' 
.. ·"performed. The calibrated range Of loading was from l kip to· . ' 
' ' 
. gq kips. · Readings. were taken .at each .mutt.iple of 5 kip, _as. well-
' ' " as. S:'!i the limits of t'e loading range ~· · 
:,. "'°''" ,,.:: 0-0-,-_.,' 
. 
?/ I 
. ; .,,,;,.,."., .................... r, A ·computer program (PROGRAM .CALIB) was . written to per-
· ..... 
. ' 
o 
·: form r~gr~ssion -analysis for the calibration ·aata. It should be 
. . 
.,-pointed out that the actu~l loading, as opposed~to the nominal 
• 
'I loadi.ng, was recorded and used in . the regression analys·is. The ' ' . 
- final calibration · coefficients were determined· by the fallowing· · 
·- procedure: 
1) A :regression analysis is performed_ based on all 
raw data. :-. 
' I 
- .. 2) Based on results of step (1) dat~ points with 
large deviation are r~jected, and a new regres~ion a.11alysis··is ,, .• . 
perfoFJ11ed based on all ~ata remaining. (Cri terj..on for r,ejection 
-was chosen to be .two timeS"'the standard error of .estimate, SEE.) 
3) The aboif.e procedure, ·steps 1 .. and 2, w~s used 
. . 
. twice -:for each bridge channel: 
(a) Expressing Indicato~ readi._!}gs :in terms· -of 
·Load. readings I = A. L 
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- ' . .- -" (b) Expres_sing Load readings i·n . terms of 
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The ca-lib ration. data for S-eries A showed sq~e: , abno~ .. 
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· -' · · :. mali:ty, as· shown in·· Fig. 6. · l;he following :modification· was· used 
. . . . . . 
. . i'· ' ' -
. ,· 
I ·;-
. ' 
· in their ~gression anaiys.is: . . ·,~ (, . . . • 
I .# ;.• 
. -- ~ 
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-1) Data· obtained from· the unloading vun was excluded- . 
• J . . 1-
··from the l:'~gression 1. analysis because of obvious bias (~steresis. 
'• . 1 
• 
·;. 
~ 
--~--· ...... 
.. 
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·- . :. 
· .type o·f off-se_t) . 
.. ·- - - - ----
2) · Data from lowest load step {l· kip) were .also 
ex·cluded because of the large e·rror included in the load readings 
of the lower range of the. testing machine·. " ... I 
r • 
--~ . 
. , . 
. 
Fig·. 6 is ~ qualitative pic·ture of the path followe.d c3:t each run 
., ._,,.. 
and the data excluded • 
..... . . It should·be.pointed out, that even after modification, 
a few load cells of- Series A (data sets 8 and 9) sfill showed a 
·~ certain amount of bilineari ty. However, since. no pref erenc·e 
.. between 1 and 3 could be made, both .. used. • the runs runs were in 
analysis. 
.. 
-----·---·- . 
...,,. As r·e_sult of the • an~l-ysis ·the following a regression 
............ 
-concl~sions were drawn: 
1) In. the majority of·. cases; the load corre·ction 
' . 
' I·/• 
improved the prediction . relationship. In series-· 0, which---included 
'1. 
• 
-•c" • ,• 
• 
125 load cells, or= sq. channels, the stand~I?d error of estimate wa~ 
_..-:.· .. 1.:.. -·- _-::-~-:- - __ :'.... .. · ... ...:...-.- ---
.. 
,.·. 
"" 
,;. 
--. 
.,: ; 
~ ~ ,, · ,!'educed for 26 channels. ·In series A, ll-8 out of 62. channels 
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. showed·· improvement ·upon _inclusion of "load .correctio~. . ~ . ' -~ . .... · 
--------- .. 
·, 2). . Th·e difference between calibration ·coefficients . B I. ,· 
..... · ·-C·;,,;;;_ • ·:• ~and f ·is not sigrtificiiilt, except for. 'thc::,st,:Ldata with. bipolaritY • 
-~·· 
/ / 
( 
/ 
-~:·// 
// 
(Series I\,'. data sets 8. and. 9) . 
The results-obtained from·thf;!-above-inentioned. analysis 
show that each unit of the indicator reading corresponds to a 
' force of approximately 8 pounds, which is less than 0.06 perc~nt· 
.. o-f the :initial tension in the sp~cimen. -The range· of this cali.-
' ~ 
bration constant was from a lowest value of 7.89 pollllds per·unit 
reading to a.highest of 8.13. 
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·. tensioned ·bridge beams· are almost exclusiv-ely uncoated seven- .. 
I . 
. 
. 
wire stress-relieved .strands. . The standard s.trand~ (ASTM A-11-16) 
.. are made.of high-carbon steel. The raw material, in the ·form of. 
. 
. . __,,---
' ~ · rods, .was .heat-treated and then cold~drawn into wires of· small.sr . 
diameter. Strands are made of six wi·res twisted around one l, 
C:entral straight Jire o_f -a. slightly larger diameter • 
. Stress-relieving-is a controlled time-temperaturE;! 
- - .. : 
heat-treatment ,process. By heating the strana:· to a controlled · 
. ' temperature, residu~~ stresses induced during manufacturing and 
... , 
stran<:ling ar~ relieved without destroying th~ fibrous structure 
'. ._ -··· :.~ . . 
. . . 
of the material.· This process also increases the elastic limit f •. . 
and the ductility of the strand. 
· A-lJ16 standard. strands- are required to hav~ an ulti-
' 
' mate tensile. strength of:'· 250 ksi. ·rn 196 2, a special grade of 
·strands, with an ultim~te tensile strength o·f 270 ksi -was ·intro-
. 
. . ly dominated the pre-tensioned prestressed con-
-_; 
, ... "· -, ......... . 
. . 
crete·industry.' Coupled with a slightly larger ·size,··the strands 
.~ 
. ( -• I• 
• 
'-C 
of 270 k grade hij.ve a load capacity approximately 15% higher than I • • • 
• 
. 
. • •' 
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--...... ' 
, 
the standarg. strands of the same nominal· diame_ter • 
. 
. The specimens.included in this study·were str~ss-:-. 
> 
. -•---- -relieved 7 -wire strands · of the special grade. 
.. 
. . ... -~ ... ,,.,.·,; 
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·perfon.tled on the strands. after their shipment to-·Lehigh ·University·. 
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-5.2 · Distribution·and.Designation 
, . ··_.· '~-
' ' I 
• ' ,~ .. , :r .. ·-0 .... 
r A total of ll-0 relaxation specimens -.were· __ ·::_fested~. repre-
. 
. • .d 
. 
. . 
sen ting three manuf actur·ers ' two strand sizes '. and~- five initial 1'.rr;;;\l•,1·,.,11/1'·:'i·\-I" - • 
stress levels. Table 2 ·shows the distribution. of sp_ecimens for "' 
- .. 
. 
each --combination. 
. . 
. Each .-specimen was ,~esigpated ·by· a two;_.letter·, two · · 
' . . . .. 
-
. 
.. number·, individual code.· The· first letter refers. to· the strarid 
•· 
size. The second identifies the manufacturer. The· first nwnera1· -·: 
designates the initial _stre·ss leyel, while the sec-o.nd identifies 
the several repetitive· speci~ens in sequential order. Fig. · 7 
,,,·prov·ides a key to t.his designa~i6n with all p'ossible combin~t~ons. -
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5.3 Force Measurement .. , 
......... ~ 
, 
--· 
!_. __ ..• ,., 
--·.--~ .. -
-· 
5.3.1 General ,•,- . . .. 
1,) •• 
,.,..,, ... 
. ·Th~ main requirement in force measuring for· relaxation · 
tests is. that · the measurement must be accomplished while the 
. 
--strain is maintained constant. Various methods had beeri used in. -
-
. 
I> 
" 
the past. _ 'They generally fall int.a one ·of four major categories: 
the vibration method, the lever method, "the balance method, and . 
. 
' 
- .... 
___ the deflection method. A ·short description-~or="each can--.be·· found -
• 
on page· 1q of .Reference 1.9. ·· 
. . . 
- . 
_-The method used in th.is st_udy involves direct - . ....... ,' 
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measureme_p.t. of ·-the force- by-·me·ans . c,.f. a_ __ carefully c~lihrated load· 
. ~ 
.cell, -conn_ected in s~~ies -~ith the tes.t -specimen. Th-is- technique -
-·_:··_. · ... ___ -~~-is simila·~---t~--.._that employed by -the balance method.·· __ 
- . ,- ·: --- ·-=. -~·-·:.;:,· .. -~:.;..~~ . ..:.~-:-~=-*<::.~,..;,;. --;: 
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-· · .· The axial def ontlation of the load c·ell · is small com- . 
. -· 
· pared to the -length of the. t.~stEid strand and can be neglected. ·_ 
. •,;_<I~·:~ ·• I 
·_---Thi·s· wili be further discussed in Section 6. 5 -~- _,. 
·,5.3.2 Measurement.of Initial.Tension 
·, 
. . At the initial· stretching of·a relaxation specimen,·an 
additional load cell (G) is used outsi~e ~of the · jacking ram in --
' 
' ponjunction with the Jnternal load cell (E), as shown in Fig .. 4. 
At the-~eginning, a zero. reading on the -inte~pal load cellr i-s _ 
·taken, and the.desired final reading afte~ ·anchoring is calcu-
.- f ' ff . 
lated according to.the desired initial stress. 
-
-The strand is stretched until the. external load.cell 
. --
1 . • 
.. shows a ·load slightly h~gher than the required-value. Several . . 
. 
spacers are placed betwe-en the adjus-tment scr.ew (B) and the 
J 
~ 
I load cell (Ej', as shown in Fig. LI-._ ·The· adjustment ·screw is then 
turned_ out of the end plate q.ntil a sp~g fit is--··-re·acned. A few 
repeti.tions · are sometimes ·-needed until the desired internal .load 
cell r.ec1¢ling after anchoring_ is . accomplish~d. Tables 2 and -3 
give the actual initial stress percentages obtain~d for each-
-. . . As can be see-n., - the values are quite _accurate . The ---- specimen . . ,. 
•. maximum deviation from the desired· value ·was only O. 7°/o~ · In the 
· -majority of cases_, _-this deviati~n was .1e·ss than 0.1%. 
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· _·. s.·3. 3 · .Subseguent· Me,as1!-.rements .' .. • I 
r " 
. . -, . 
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. 
. For -subsequent meas.urements, only the internal load---- . \ I --- ---· • ,c' 
·• 
- · cell is used-. - The proc~.d-~re -of .~easuremerit i,n~ludes the follow-< .·----~ - -
~- -· 
-- - - ' 
. ·' 
. . 
·~-- . ·-_ . -.-- . . ing. thre.e steps: 
' 
.. 
• 
'.·,"'· . 
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-. t 
.. 
-
. 
_ l) Tak.~ng· :readings -on the loaded internal load cell. __ 
·1• ,,,11•,, '• 
~11~1:J-"C'/ 
I 1., 
,., 
,., 
·.- '.,. .. 2) . Pulling on the strand coupler ·unt;i~ pressure· -. ~ - .,_.- ··- -.. . . . 
. 
. 
- ' . 
.._ . . --
,· . -- 6-etween the spacers disappeared· .. _This ·:can· .be detected by h~d- ·· , 
. 
The current.zero x-eadings.are taken. 
-~-
·. · I' 3) _ Without changing the -settings of the spacers or 
.,.-------
th~ ,adjustment screw, the jack is released. - A second set of ,'·•'( "I .t .. i,--.... . • 
J:'e·adings is ·· taken on the reloadep internal load cell. 
·" 
The reason for excluding· the· external load cell in sub--
.. , ~ - seq,uent.;::•,.,.:forc·e~ meas.urements' is. that . the internal load cell yields 
a -. . . 
much mor.~-: _·reliable · and consistent results. This is discussed 
' , 
_.-
, further . ·in Section 6. 5. 
.·-.,--!". 
···,,;,'r·-·<:.·1._.,, ~ . ., .. 
,, 
• ~ 1-, ·. -5.lJ. JestDuration:and· Age 
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• ---------
Readings _ after initial stretching a~e taken according . . 
. 
to a preset. schedule. Iri Table 4 are given the selected inter-
•• vals up to 2,000 days. In the early ... stage~ readings are taken · • 
·-in -VEfry_ short intervals, which become longer as the specimen ages .. · .. :·"'-' . .. , ..• • c,,.uo. 
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stu,dy depends_. on the length of· its- te~t program.:- ·As of, 
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~f:~b.ruary 1, 1970, the age _o.-f the ·o.ld,r~~t sp~Ci·mens· in· this inves:.. 
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, . ·-~ tigation· is' 11-44 days · (approximately ;10 ,··ooo ·hours), twelve speci .. ~ --- ·,." ·. -
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mens have?: reached 'this age . ' . . . . . e . . . . . : . Forty percent of all spe~imen~. haye . 
. ·-- .. 
been under tension more than 300 days; sixt.y-five percent more 
than ?00. days, and ninety-five per.cent ··more·· than 100 days~ . 
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In ·spite of the relatively short age of these specime'.9s ,· 
-it . _,~-f~!!c that a. reasonable . estimate. of the p:r;'estress loss could 
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·be made based on the information collect-ed. 
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ce·11 yields two sete -o~ data at each fo~ce measurement, 'one ·from -
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_.,._ ... , 
. each channel. Each st!t of data consists of three read-ings ,. .. two 
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loaded readings bef o·re stretching and after . r~lease. of the speci-
.... . . 
· ~~n,' and one· zero r~ading when the force in the sp~ecimen is~ com-:-
. · -p~ete.ly resisted py _the_ jacking a~semblage. Thus, two differen- __ · 
. ' 
tial readings. are obtai·ned for eac~. ch~el. .The· average value 
"l • ' 
of the two is · t-a.ken, and is . used in further analysis. Cons-e-
quently, for ea.ch-·~force me·asurement two -pi.eces of data (averaged 
· _di.fferenti~l readings) c1:re obtained,- and ea,Qp is -di~ectly pr-0--
. -
·po~,tional to the force remairij.ng· in .the. strand,_ by means of the_ . 
r~spective calibration c-onstant .. These hal1d-reduced differential 
' . . . \ ' 
. -----:~~ readings are useg as input data for a computer· program (LISTREX) , -,-.. _· 
.. 
whi.ch . performs the preliminary . redu.ction. 7 · This . program reduces 
· the input data into the percentage loss· -of force in specimen. 
Basically . the -foll.owing op~ration is perfor~ed -i11 this early 
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Loss =_Initial Force.- Remaining Force Percentage Initial Force 
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· ·5~2 · Method of Analysis 
. 'J. 
;. The problem of de·v~loping expressions . for·. ·relaxat~on 
. 
0. • 
.. 
: ·1oss of steel~~- 'liase~ on·- .experimental· data i.s, by nature, a sta-' 
' • 
.. 
. tistical type of problem. ·1t involves an attemp·t. ·to find the 
. 
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.,,, ~-ge.ometric-_best fit. of ... the available d~ta., ~There is an additional. -
~ ...... . 
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_complication,~ The·· ·selected. ·expression must be ·suitable for the : , . -. ; ·.- ;, - _.. .• •. ,- ;::'I; . ~ :~,:· ~ •• • :,•.. -<.-.: I • .• 
:purpose of px-edicti~n. ove"i~~- a long . period of time' for which· .~fes"t ., .. ' r-
' ' 
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.. . 
. The first step of · t:he analysis was~ to treat t_he 'problem 
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-,in the twq-dimensional state, considering the relationship 
. -~ ., ,-.. 
~- · between prestress los.s and time· only. At the beginning, a· rather 
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a4 complex ~xpr~~sion-
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,:.,· ,·, 
"''~-~-.,. 
-- was· .used with the intention of desc_ribing all features of ·the 
e:xisting data. Simpler expressions were· then examined, and thei.P----
behavior studied for long-term or short-term applications. This • 
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led to the selection of a few good time functions, which were use·d · 
·in further· analysis. . 
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fun~tions· selected-, the ne,xt l~gicai, s~ep' wa~ to handle th~" pro~ 
'. • I • ' ... 
' . ' . . . . •.· 
--- - ··-· -------~-' .· --- ····,blem -inthe thrE!E!;..dimensiOnal $pace,. and.-·de.termine •the· sUrfape· 
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' ·r,~ . ; <that best-_ describes the exp~ri111ental, d~ta, using ·both time .. and. ----c--~" · 
·-~--- . -
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· .,. _ ..... ···.initial_- stress as independent variable·~. I • ' t. \ ,.- ... '. ~. ' 
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- .. -Based on th:ts · three-dimensional analysis,: a· f.unc·tiona.l 
. .. - . . . . . ' . ~.. ~ . '"' 
. : ; -. ,xpressioll for prr~icti'on of pres tress loss is developed~ ·._ - . - .. 
. f,...4' ' 6.-3 Two-Dimensional .Analysis :--. 
{ . 
6. 3 .1 Computer Program· SRELAA .· ,- ·-·- ., 
.. 
. This program was .authored. QY ·E. G-~ Schul·tchen·,~ rese·arch: · :'-- · 
.. assistant _at. Lehigh University. SRELAA performs regressi9n 
,~ 
. 
· --analysis of relaxation t~st data with respect to time. The 
•, -. 
-
analysis· is done for one single series. of repe_titive specimens 
(e.g. AB~). Linear combinatio.ns .of the following subfunctj.ons 
. · are permitted • 
·a - a 4. 1, t , t , t . , t , log .t , a .:t (log t) , . .ft, e 1 -
' . t 
IJ.1 addition, the hyperbolic function t !tIJ, and the expt?nential 
function AtB can also be used. S,U:LAA can test, . upon each sub-· 
mi·ssion, ten types of linear functions (maximrun of .6 t_erms in 
eaph) , the hperbo_!~c-, and/or the exponential function. The basic 
~ proce.dure f o~lq~_~d -is the method .of least sq_µ~res , .. which is 
. ~ ·-
-- , ------" -- employed to- furnish -the equations necessary to· determine· the· 
• 
· regression coefficient~- ·of the linear fu~~tions. The exponential_ 
'I 
- - $) ~~~'1...-,:.'--....:J,.~ ->-' ., l .,,_J • .,. I 
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and hyperbolic func·ti.ons, o.n the other hand, are treated 
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...... ·separately. An iterative .procedu~e --~·- use·d:· · to ··'de.termine · th~, -· 
. 
. . ' :, 
. 
'' 
• w . 
. ~:linear :regr~ssion~ · In- ·this manner the ·need for ·Iinearaliz·ation .. · 0 
. ~- ' . 
~ .. ' 
... 
:.-· •• j .• • ..";~·i·::·. ··. :.-:;,", '.:-..;. ~· ' . , 
------. 
.is.· e·Iiminated • • ?. . . ,f Besi,de evaluation of the regression coefficients·:i, -/ -. lo -1 __ . ,. 
' . 
·.··the ·pI'ogram als_o computes· the. sum of squares. of. residua-ls (ss) , · 
·-:t-he .. Stan_dard Error· of Estimate (SEE) ', and. _the ·,.fitted · da~~ __ for . 
. -~7te~:ting ages as well·. as' _for standard arguments of_ time. 
· With. some modification · the progr~ · SRELAA could also ·_. 
. · . 
.· ~t/B C te.st the regr·ession function A(l--e . ) · • · In· this case.,. either . 
. 
-·· 
-, 
. .., 
. . .. . ~ 
.; 
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· ·.:· .'_.C or B must be se·Iec1;ed by trial while the· othe·r'..coefficierit··can . ". . 
,. 
.. 
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• 
. ' . 
-·b~ evaluated ·by ;the it:erati-ve minimization p•ro:ce~s 11tea for the 
expone.ntial -.and the hyperbolic·· functi.ons • 
. 
-6.3~2 Selectiori -of Tim~-Function 
The flexibility provided by the two-dimensi·onal regres~ 
sion program, SRELAA, made it possible to test a large number of 
. 
time fnncti·ons for their suitability~ Functions· with.more than - • • I 
• 
~ 
. . . ' 
, ' .-. - - three ·term·s were not considered' since such -~ofig -0-alld complex 
. . 
,'T_ 
... -,~ ..--~. 
. expressions woul~ not be practical. A total of twenty-six linear · .. ""' 
. / 
. 
. 
· time funct4ens were -f;ried. ... Twelve of these contained two tenns, 
~ 
the others contained· three terms. -A comparison was ma~e baseg_ 
on the Standard Error of Estimate .for the several. ~xpressi.ons, 
• 
. 
. . 
.. - . -.. 
. ~d those. ~i th high SEE· values were discarded • 
. ·· -----The range of SEE was 0.2.9 to 3.29--for all~o-te·nn 
·expressions, and- 0.15 'to 1~·3s for. the three-te·~m expt'essions 
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In~the.above~ Lis los.s_ in p~.rcent of initial stress;-~ t is--time " 
·"· . 
--·-·----- . 
: • !- ,, 
~ . . . in·• days,· and .A's are regres·sion co.efficients. . The av~rage stand.-, __ 'i !. 
ard errors of estimate, weighted by the amount. Qf_ data in each 
- . -····":"'' 
~·--·- . 
series were: 0. 50, 0. 31, 0. 35, and O. 38 · for the expressions 1, -. 
......., 
. ·~-·:·_-·· ·2, 0 3 ,, and lJ.< respectively. Aboqt - 1250 pieces · of data were 
' , 
·~ 
,- I 
rJ) -
=-- . .• 
. • 
. 8 
-····" 
___.._,,....__ • . -.j. ' 
included in the calculation of these· values. •', ,, ,-
. \ . 
. ' ' 
·The . two non-linear time functions 
-~""·· Hyperbolic Function - L = · At 
t + B 
E_xponential Function · L = AtB 
~ 
(6.5) 
.. 
C-~ (6 e 6) , 
were also included and given special attention. Their weight~d 
...,. .... ,.,,.,1,,,.., ..•. 
. 
- standard er_r-ors of estimate were O. 56, 0., 36 resp,~ctively • 
. . 
The next -step · was _to comp_p.re. the behavior of these 
. . 
'. /. . . 
selected functi.ons. The bas·is for comparison· was · the co.ns-istency 
.. of·.each expression for the various serie:s of .. specimens. · For this . 
' . 
. 
~ .. 
. __ purpose· curv~s were plotted and · the · correlation of-~c·tual . . '• 1.1. 
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-. _··r-~la:xation data with· fitted values was· studied. · The ·applica.bi]..ity·-
of each·- func,tion . for long-term relaxation loss·. prediction was . ~ . . i - • ' 
. 
' 
· .· :also of mue~ .. im}?ortance ~ With this in ~ind s the f oilOWing obs~r .. ' 
· :Vations Were ·.made. . .. , . . 
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·. 1) ··. The hY}?ti!rpo.lic •. fun~t:ion ~as includ(:ld . for :i.tS asyllip-
. 
- ,,. 
M' 
-_ •.. ·t_otic nature·,' but ·it proved to b'e unsatisfactory. 'With a notice~ 
'·· 
. . 
•.. 1· 
( 
.... . , able high SEE, this expression fi·t~ the data poorly. · This, func- -. 
·tion tends to predict an early completion of relaxation .(after 
. 
. 
__ :approximately-·-roo days) at ·a low. value. 
t 'h ,. 
". ... ~-' . ' 
-2) Expression (6. 3) fits ·the' .experimental cfa_ta well 'I 
-for the' first 500 days, but it yields ver:y high a~d unreasonable -. ..1 . . . 
long-term prediption -values-. 
,· 
3) _ _ Expression. (6 .1.J) 
initial period, up to .5 days. 
does not fit',. the data for the .,- - · 
-
' 
. . . --- -- ~ ._.. . . . ' . 1. . 
~' 
. 
The asymp.totic effect of · the t: : . . __ _ ,, 
term was negligib.le, and_ overshadowed by the other terms. Thus, · V 
no particular ~dvantage was d-etected for this expression~ JJ . 
" , -· . a 
. ll) ~I~ Expressiop (6. 2) ' L = A:i + Aa log t. + A3 (log t). ' .. ·c, "'· . . ( 
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has the -lowes,t SEE., and shows ·consistency· in the natur:e of _pre-
-··· 
dieted values .• ~. , .. 
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' I S) .Judging solely by.the ~ijgnitude.of S~E, Expre~sion 
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: ,·· .. 
-.- {6 .1) ·is inferior to Ex·pre~sion (6. 2) .. On the othe.r }:land, it -co1:1~ --~ · _--
. .. ta.ins one fewer term~ which· ·is·'-,·a ___ :_desirable- feat~re." Practicality 
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·has to be. w~ighed against acc1:1racy. Fig. 9 (serni-1.Qg scale) ,, 
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. -·· ·· -~-·- -·shows clearly that, the two-te~m expres§iori ·-is a .cr~de.: fi.t ·of the 
"3 . 
. 
: fest data,· -ov~restimating "the 1=_()f,;S for th~ initial period· whiie 
.· underesi;_!.m~ting it at Iater--·-age·s ~ .. The te·st· dat~ shows a dis:tinc,t -:· 
~· . 
I . • 
... . curvature. which-Cannot be.· refl~cted, by. this .. linear relationship'.~, 
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... ,,.17 . . 
.. 
----'-'--· .; . . ' . '-,) 
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This program· pe-rforms _ a multiple reg--ression· analysis -- of 
. . -- -----~ . . .. . . .. 
,-
·the · relaxation test data ·from all series of specimens. s·upplied·:by 
: I . 
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the ·same manufacturer·, .. and of ·one st:rand size (e.g. all. AB speci~ 
,) 
,_. , rriens) • Thi\3 pro-gram can· easily be modified to _ analyze all series .-
.• - . ~t ' • . • 
1:g ,., 
from all: manufacture·rs •. "The indepen~ent variables in this· 
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analysis are ··time and initial stres-s level, while' relaxation loss . --- fr" 
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is the depe!}de;nt variable. The linear .time subfunctions were 
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A· sununary of the regression coe.fficients for each seri~s is given 
in Table __ 7. The.results of the regressiqn analysis,-computed 
":' \ from Exp'ression (6·. 7) are_shown in Figs. 11.J. through 18. 
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· __ In ·the .prE1vious _chapter,· it ·ha~_ b·ee·n shown· that .tlie· ' . ~ ' ,~"Y 
. 
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. . . · ·. -· relaxatiq-n behavior of· · stress-relieved · stran4.s : can. be_ descr:i.bed · 
.'4 
I 
• 
-_ rather accurately·, during .1:he ·initial period up. to -500 da.ys· •. - In ·._ · ' I • '• • 
• 
this regard Expression ,· (6 :,.7)~"gives the best results~ while . the . ' 0 ,· • • • 
.• 
' 
.. : .· 
.. ~ . . ,,... 
_,. ~ -· _ · ex~onential expression is _als-9 -acceptable. It was· also · sh:own . .. ~ . 
' . 
. . -
·, ,J 
.. 
-----.--~·~---
·' 
that r~asonable long-t~rin prediction can be ·achieved bY, means .of . 
' ' 
,. 
~:xpression .(6. 7) • 
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. t · . Despite the'larg~.variety of the several controlled 
. ·:r::2paraJl)eters, the· correlation between the' fitted loss values andi 
the experimental data was ... q·t1ite satisf~ctory ~ This is. shown in 
Figs. !~·through 18 for individual series; hased on results 
obffilined from Exp:r~ssion (6·. 7) ,• Tables · 6 and -7 show that the . · \. 
. 
standard errors of _estimate for most specimens are re~sonably 
,(; ' 
· 1ow. The e_stimated relativ·e error in the value of---t-he stres-s 
., _ .•,- ··: 
. . 
1 ., .... :.- .' 
remaining is well below"·--2 percent._ 
·- . -~~ I 
The -experimental resqlts show beyond any doubt,-·that 
~elaxation continues far Q~YQJld the· iOOO hours duration reported • r...,,t ... ~l)l')~!/)-,-..tf" 
. r,. '. 
in some earlier,studies. Even at an age of I.J.411- days (over ' 
"· . ~ d 
-
~o 'oo·o h~urs) ' the experimental date!, still C show a tendency of: , . 
. ) - . 
---~· - ·-
.. 
-
- -- -- --·-·········· 
';, .... 
continued !elaxation, without approaching.any ultimate value • 
The p.ercent~g,e · loss, in some cases, · has already -exceeded 13%, and, 
the· ·tendency of "!:lending over" reported in the preI:iminary inves- · · ·_ 
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.·- · ·· .· · .. For• long-term· projection, Expre·s~ion {6. 7) .was applied -·· 
· • ·.. . · 1 • · • • · · • i 
' . .- '" .' 
,, ....... ·,1 ,._ 
. I ••• 
• . \ ··.~· l, 
' .. 
. . . ,. 
,, 
·, :to two fixed ages., approxim~tely corresponding to. the.· ha·lf, - · 
• ···--·-·--·-··--· ,.. • I 
_., • 
and tq_tal life ·o:f the bridge membe~ .• The . results show,, that . one- . 
: ' l 
. . . . 
. . 
. ' . . 
<. half~-of the· SO-year .. loss occurs at"-· around so·o--,- 200, and. SO .days 
. ,, 
·~.·-· . 
:_ · _·for initial ·.stress · of O. SO,. 0. 65, ·- and· -0. 80 .f respec.ti v·ely •· ·It 
. - ' . . . . . u ·. 
• llo " 
. ' • • • 
. ·-·-----··· '.. ·• i , . . . 
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·.··. ·. 
· pan also be .ol:>served that ·the loss at 20 years (half-life of the 
. . 
membe~) is· abou.t -85% o_f .. th·e ultimate .value .. The predicted 
.i 
. .. ::.. 
() , ' . . -
·o· 
, ...... ·· 
". 
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ul.t!mate values at 20,000 days (approxjmately 51.J. years) were in.· · 
··--. .. ~-
.,~,, 
. J-. ' 
· . ranges 8 -lll-, 13 - 20, 16 - 24 percent of the 0.50, O.qS, 0.80 t' 
. .. . . . ' u ;· 
_____ · initial stresses respectively .. ,. Table· ·12. contains a sununary of . · · ··•·•·· 
. ' . 
: the .prediction values for each series after 500 days, and after 
·--..J '. ··.; 
_, .. 
'.a 20,000 days. 
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OmissiQn of data ftrom the in~ tial period for the pur-
,,..,:.,;,. . ······-.I.~ I 
pose of better ·long-term projection yielded erroneous results--.· 
The use o.f short-term data, however, proved ·to -have some signifi- · 
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cance.. For/prediction_ over the first 500 d-ays, extrapolation -
p .. 
. ex.:teflding from· test data of short, duration will yield acceptable 
., 
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results. Nevertheless, it is not reconunend~d to project wi~h 
data. from less than 21.J.O ho.urs. - For long-term ·projection_ data of 
I 1000 hours seem to be adequate. In general, it app.ears suffi- .. · · 
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ti 
... : '· : " , ciently safe to extrapo]__ate the test -,duration ·by one order of . 
magnitude (o~e cycle on loga·rithmic stjale), but-· care must- be ... 
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··.'; relaxation is . not ne'gligible- even for initial. stresses below ······I'··•· .. · .............. . 
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LI ~ • • ' ~ 
• ,I/. "· • . . · 
• 
• ' 
. Oe.50 f (sottre previous studies set the limiting lower initial· U . ' . ll; 
" • • 
' • 
• 
. ._'.:._· · -~----- . st·ress close to. this li~iting value). Fo~ this. st:r~ss· level the .. 
...... r' ..... 
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'"'"'•1. 
' 
. 
-· · ,·data sthows losses- as high- as 7°/o· of the initial s-tress:· after the:,, : ... 
- • • I 
. .....,.. 
· .. ·first S·OO days., -and _for some .. series, the prol;>able ultimate. loss 
· re·a~hes 15%. . These values lead to the beli.ef· that these strands···-
might undergo s\gnificant re'laxation losses even When the initial 
· stress is lower than O. 50 f • It is interesting to· note_ that the __ u ;,_ .. _ , ..... ,),',J 
r 
. • ,. Russian Gode specifies .0.37 f. as the limit below which relaxa-... · u 
tion--loss is negligible ., . For. the range of initial stress O. 5.0 f 
. - u 
to 0.80 f., it was obvious that the loss increases with increas-. - u 
•· 0 
. -, ... ,. 
ing initial stress.· The! --behavior over the whole stress range was , 
not linear,. and a parabolic relationship was proposed. This 
relationship, however, is quite close to linearity inthe range 
O. 50 f u to O. 70 fu. Above this range, _ the loss, increases rapidly 
.r-
with increasiµg ini~ia~ stress and the behavi~r'cleviates sharply . 
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[f'o- .. 
,.from _lineariity. · 
· The test specimen~ .. suppli~4_ by -the different nianufac-
·- .,. . VJ ---·---
" turers suffe·red different relaxation -losses. In Figs. 22 and 23·-~ 
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curves by the 3-D analysis are _ compar.ed for the three rnanufac-· 
turers at three initial stress levels. In general, strands from , ...... 
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· · higher loss. :--.For the 1)2· _in~~· . st~ands, specimeps from Mariufac- i"/.'.-
. ' ' . 
·, . 
· ·. ·turers B· and U ·show -comparable behav:ior; both ·~suffer . h~gh l.osses ·--: 
• • I 
~.-than those of Manu:faqturer C. 
. ... -··-·------
. . Two different strand. sizes were included. -in this study,. · ... 
. ·. :With ,l]Ominal diameter of 1/2 in. and 7/16 in. resp;ct.ively. 
. 
. 
. Those of .1/2 in. size ~how, in general, higher losses than those·· 
. 
. 
· ~f. the· smaller ,size (Fig_s • 24, 25 ~. 26) .• · 'this is par~icular ly · . 
ctrue for the SQ% !nitial stress, -and for ·t~me beyond the initial 
100· .days· •. While this e~fec_t of the strand aize is rather mild ,[ 
...... 
for strands from Manufacture'rs B and C·, it is quite pronounced 
.I 
for ·strands from Manufact·urer U. 
. An . attempt was made , to apply one single 'analysis _to 
. 
. ' the combined data from ~11 _s-eries, disrega.r.d.ing any effect of 
-
man.ufacturer &nd strand size. A total of 1077 pieces .of data 
-~ was included in the regression analysis •. The standard error of 
estimate developed by Expression (6. 7). __ was O. 79, and the correla- · 
tion with the actual data was satis··r actory (F.igs. 19, 20, 21) • _ 
..,.,,..,,···· .,,,,,.: . 
The predicted loss values at 500 days and 20,000 days are within 
. ' 
reasonab~e lim;i. ts; when compared with val~es obtained for indi-
. . 
. 
vidual, ~eries (Table 1~) • · The induced ~el,.ativ~ error in the·' 
. ,. 
estimated value of the remaini.ng stress .:J..s only two to f:i.ve pe·r..:. . 
. 
.-- _ ... p~nt of_ th~ ~emaining s.-t-r-ess ·. Thus, the unified formulations, · 
mentioned i1:t Se.ction 6. Lf.. 2, may .. -be "used within' the limitations of 
these practical. c.o.nsiderations. For-more · acGµrate results, the 
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·All .. : the· expressidns .de.veloped were 'based on 
. . ,, '·' 
. 
relaxa-
.tion (cons·tant ... length) data • 
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In an actual_pre~tressed·concrete 
'. 
member' the time~dependent concref'e . strain would caus~. the 
length of the strand to change ·and ,. the re:laxation loss of.pre-
.. 
·stress·. would be different. A modification.,of formulas developed·· 
might be required, when results from the simulation and-constant 
load study become ·available. 
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1. ·strands from Manufactu·rer C -have ·the lowest po-ten-
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